
■*?r .■■wtmiJ'.'m 

flrmed Services Techiicil Information Agency 
Hptiwtti   b| »      J 

DICViEIT SEIVICE CENTEI 

FOR 

MICROCARD 

CONTROL OHLT OF 
J 

NOTICF:   WH** COVmmXWT OR QTUR DAAWDIQB. SPSCOTCATHMB OR ÜTHÄR DATA 
^S!i:75f ^I,PÜÄ,nÄ£ arilBR T,lA,, D, ^"«CTifw wrn A MFmrriLT RELATED 
SS^J^iSJ ^2!rURI:iOP/rr opMunoH, TM o. s. oovsaNicDrr THERimr wcuRb 
^J?ii£!?lBXLrnr' *** *** OBUOATm imATSOBVKm; AND m FACT THAT THE 
^m J2^^^^T£,l,2?MUl^TED» 'U»™»). OH Df ANT WAT SUPPLIED THE 
^ Sfi^SSL8^1CIF1CATIÖ,,B* « OFM» DATA B IWrr TO BS REGARDED BY 
Sl^M1^^? OTHERWISE AS DI AMT MANNER UCENSING THE HOLDER OR ANY OTHER 
JS£2? ^ ^»PO^TION, OR COHVEYDIG ANY RKaTTS OR PERMBSKW TO MANUFACTURE. 
USE OR SELL ANY PATENTED INVMfTIOK THAT MAT IN ANT WAY BE RELATED THERETO. 



Best 
Available 

Copy 



■ 

fiS99ittlBSffi8SI!iH9tt 

A 

ä NATIONAL ADVBORY COmBTTEE 

STATBTICAL STUDY OF AIRCSAPT ICING 

- AMD $OC.*«LXiBAR LEVELS OVia OCEAN AREA» IN THE 

,     j 

By Porter J. Pvrkfes. William Lwto. 
Ä. M«ll»I]Mi 

ClvrmUmä, Okäo 

ifiqrios? 

^^Äi^ip^i^«^'*?*»^»*!*^«^^ symsSKftfnesHtR i 
^imkmmn^&siäU&^im^^ ^ms 



ILATXOHAL .4iJ«13Gfr/ OOmZTTEE TOri .^OlteJUCS 

ZECaflCAL IOIE 536-4 

E"I!ATISTIC.^L SHIUY CF AUCHAPT IC30 PROBASIU-ISS AT THE 700- KMJ 

E-'X-MHUBAR LEVELS 07EB OZEJ-M AEEAS IS TEE M3KIH£KS :^eSpa2?E 

3y PoflrfceF J.   Perkins,  ¥illiar: Lewis,   and DoosüLd B. ÄijijC}i.l.S2äd 

SnHKBZ 

t 

o 

A statistical study is sade af iciag iata r^pcr^-ea zros. wegtamt 
reccrmaissance  aircraft flovn by Air Heather Ser^'ict   IUSäT} .     ~te  »meatier 
missions s^uiied vere flcvt. at fixed ilighi   levels af 51X5 TtrHlflwaeis 

fttLaatlCj aci Arctic Oceans. Siis report ^s zresentei as- part z* a s!rc.- 
grar: conducted ty the ZiACA tc obtain extensive icing statistics relevan.t 
*■;-  c^~'»• ^Yl^.';,''*",  design ano rr',"■■*:i,'^*' on« 

Sse thousands of in-flignt  stser.'ations recorded over a 2-  tc 4-year 
period prcviae re_:aole  Bftatistics  on icing encounters for the specific 
areas,   altitudes,   anz seasc 
quencies of icing occurrence  are presented,   togetne: 
icin^ probabilities and the relation of "hese probate  
q_ueccies QEC flight in clouds and cloud terperatures. 

'es tö nhe fre- 

areiiS voere grester c._x>uau ere ss aoi 

9ie resvl-ts show that aircraft operators can expect icing protatt... - 
ties tc vary vldely throughc-ut tne year fron near oerc en tne cold Arctic 
areas in winter up tc " percent 
varner ten-peratures prevail, 
colder cloud tesperatures to r-J 
C^OUUy   PQTHlJ wIIWICT* 

data also reveal £ general tendency of 
ce trie prclability of icing in equally 

—■-t ijn'"M^*^w- -_ j. ***** 

Kacvleige of the frequency of icir^g co no. 
specialized aircraft operations is recuireo : or soy oascc a.praioa^ :o 
one aircraft-icing prob lee.  ISie need and degree of icing pjrcteciocn re~ 
iu.ired for a particular aircraft can be "Detter determined by tcth airlcne 
operators and ailitary-operations analysis- if the probability of encoun- 
tering icing has been established for the areas, seasons, and altitudes 
in which the aircraft is to operate.  Previous aeteoroiogical stuoiss :n 
icing conditions have net shown hmf  frequent 1;> tcing can fe expected over 

... :»>,-■- .■    . ■iMWBIWiii 
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world-vide areas  on a yeer-round basis.    Past data vere obtained on 
flights made  primarily to  deterrr.ine  the extent   and magnitude  of 
logical conditions conducive to icing. 

As a part of  a prograrn conducted by the  HACA Levis laboratory- to 
obtain more extensive   icing-cloud  data, a study ves made of the icing 
data in thousands  of in-flight iseteorologica]   reports,   In order to .deter 
mine the relative  frequency of encountering icing clouds in as many 
regions as  possible  throughout the year.    Hiese reports were taken fros 
the weather reconnaissance  flights made by Air Weather Ser/ice.    Appre- :d 3 
elation is  extended to this branch of the U,  S.  Air Force for supplying M * 
the  original- data records and also to the 'bright Air Developaeat Center 
(ARDC) ^for  assistance  in processing the large quantity  of data assembled 
for this  study,     me weather reconnaissance flights have accumulated 
over the past  several years,  a vast quantity of iseteorological records 
taken over the Pacific, Atlantic,  and Arctic oceans.    Ihis large auantitv 
of data,  representing many flying hours, was necessary  to establish re- i 
liable  icing statistics because of the  generally infrequent occurrence ; 

of icing conditions. • 

The weather reconnaissance flights made 
&*■ AIT ''«eatner Service 

using WB-29  aircraft, were  along establisheo. tracks that vere not altered 
appreciably during the  period of survey.    Saese tracks,  in the nortnem 
hemisphere,  are plotted on the map shown in figure  1.    The flights crigi- 

starting near the Air Force base and returning to the originating base 
after covering up to 2400 miles for the eoospLete flight.    These  long 
flights were made  almost entirely  over  ocean areas.    The track dteslBos 
tions originally assigned by Air Weatner  Service are retained in this 
report. 

A    -I 

This report presents a tabulation and pre Urinary  analysis of the ! 
icing probabilities and associated data for  several specific areas over 
the three oceans.     The  results are  separated into the four seasons of the ' 
year and are restricted tc fixed flight levels cf 700 and 502 nillibars. 
Dataware also  included from flights at  1500  feet, which encountered very ' 
little   icing because of the predominance of  above-freezing temperatures" 
at  this level.     Tne probabilities of  icing were related tc the'frequencies 
of  cloud penetrations and to tne taeasured cloud temperatures. 

A  set of punched cards containing all of  the data fron the weather 
reconnaissance reports  used in this study  is on file  at the  National 
Weather Records Center,  Ashville, Berth Carolina. 

ft 

DESCRIPTION OF WEATHER RECOlvHAISSAlCE FLIGHTS 

Geographical Location and Survey Period 
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Irjf'orrmticr; for northern latituaei 

SOU  ^X.A.B.li'tlC   Oc&iB   Off   Zhte   COP^t    r-f   Tür--»—--i-' she Arctic Öbea^ was ctotained froir: tracks ever 

rxarcigan    track extended ver the Arctic  Dcear: fror, the ierth 
coast oi Alaska alnost to the Bbrrth Pole      ife. R^t»« ~ ,        ■ _ 
th*»  -'v—-^  T0io«^- ^     r>er_r.g ^ea area,  mending .•iie Aieuti&Q Islands,  VPS t^*iw«*i^ari '<--? +5-.«. 

rrce, Bnglaod to about "►ere _aoelei    Tsloon' 

The racific Oceaa vas stanre^red cy several tracks  coverlt» fJw> 
cöwsra, aun.a-ceLVcm.f  and easterr. areas.    Ihe westeam Pteific *— 

erec cy the  ''Buzzard IJel4-- ■"adKj -«nicr. ezteaded t;ert.tes- 
te atout 00° north latitude;  the  "Baztax 
over the China  Sea ani Korea areas vest  of OapatL, 
tracks,  vhich coverei areas both ncrth ani sou^h'o^ 

trac£,  vnicn e>rtende: 
;  and the "Vulture'' 

t*«  "Petrel" tracks uroviii , 
oi   the Bsualiaa Islands 

j'U'&a. -'lights along 
:r the nortn-centra. J-aciric.   ncrtn 

IP 4^ north.    3» eastern 
Pacific area vas surveved ty the "lagk" -ra.-^c    tA-irti ^irrlT^i.^      ^'C"" - , *        /   "■—-     "■■r-    -ic^.a.t.   Knien ex^er^ec -rj^tr  P.»-,^ 
vest flroo the California coast ut f aho-t ^t-'t-^  =ic ,_^v   

— ^acca  ...  .Le .-.t^n..c  ^cean :cvereu a large area,  althc-inn ttw» 
»ere iadoog in uata for all seasons.    Ti^e three  "Gu^l" traces    ari*il 
nating free Berruoa,   surveyed _arre  areas ncr'K^ct    nr-^k—•♦,   T*!"*' ^ n-f Mm« >»-cÄ      >   ..v        ^   -.^r^6    —-™ -jor-n.-es^   .^crtrieast,   an>c south 
UA   taax Duse.    .». niancer of uiiferer.t traces cal*«--"  "■•^■■■---c '  -_.!-•     .  A 

the Azores,  and eacn track vas usec for a -e" ^t^vp---~J--X- ^-TTI *I^ T" 
Ihe liniteo ^uanftv  -'   "EajriV   -->/-* .7 •**J*"**y »aort parjLOO  ::   tine. 

narttcuxar track;  and, therefore, these tracks vere coci-'te- -.4tn—"1^" 
area c:   atF oi  iOngituue ana lcc' af  l«fc<*«<i- 
tracks". 

atitude and labeled "ccctined 'Eagle 

': 

t u uy •■ere t a/.e n seoeralls awme ■  " - The veathel* data used in thii 
year period ttom ]4ay Ire2 to J.ne 195*. ^    .      .-,- 
tiona'   datp  triT^-,"""-   Tim«  ■:---       -,   ^ ,,     .        ' '.   :~i—■fci-«-—e  --->'•    -- ^orie  areas  r^ignts vere -ade  only 
aunug certain seasons, vxicn prevented ^u" .V^RT c--------■.- ^^^ It " ^-^*t**»«^.    * w«. t ■ V T aX     ^rCiW-.i.^CS TT^     * fjT1 eras areas.     In cf»n*»-rRi     -- + -   -.,^»      n -----— -x-uc  .^o&e 

' -i^.-..—^.   j.^—w._  «Ü.C  -Cns.nerei    üP  T-'«--!»-«!»- 
aa»ant neeoeo tc eiininate atnc^mal  •«ea.th#>r •■=T-^-.-^C ^-V.«*    „.-, - >.„„,... .     . -^-L-I_^^ »„^..^er  .ar.3._ons that  cou^o occur 
luring a tartic-ular season. 

r1i gnt Proce dure 

.H a._gnt ai-wituces.' - Ihe f'^ch^^ WPTP ~«I-C  --   ■,-_-.»,__ 

levels oi oOO DOllibars  (l6,3O0-ft Dressto« aXtltui«.!  --- wt --•---► 
(,10,000-n nress-a-e altitude).    Flignts vere mads at  15X feet above —e 
sea surface to. obtain approximate surface neasureaents.    (feat fUUd&S 
vere made using comeinations o^ tl»»««» pit^tnriec r»»« *v -      ^™ , ^. ^>. ««-I«»!.«««« o^   uoese t^ititucies over the cccp^ete track. 
usually,  a fixed level vas saintair.ed for apnroxisately half -he ^l-'ro^ 
ana was folloved by a dint or desert to anothw • ^-^   r^ M«.    '   "     : ^ i-Ko ^^v      ^ „ ,.       •——---   ^ aoo-ner -eve_ .cr the retaamaer 

• ■ • -»» «-    *-fe,wic- i Eftuumi   ^ue ^-ort-on  o..  eacn traca. vnt^'e 
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the  pressure levels were flovn.  Hie altitude flown most frequently, 
considering all the tracks, was the SOO-rGillibar level. The  predeter- 
mined pvessure altitude of each flight was maintalneä.  regardless of 
weather conditions, unless severe turbulence or Icing, or areas suspected 
of severe turbulence or icing (thunderstorms), required a change of alti- 
tude or course. Flying at a constant pressure level resulted Ifi changes 
in true altitude above the sea surface. Variations in the atmospheric- 
pressure pattern along the track throughout the year resulted in true 
altitudes ranging between 15,000 and 19,000 feet at the 500-milIibar i" 
level and between 3000 and 11,000 feet at the 700-inillibar level. oa 

Reporting procedures. - Ihe in-flight weather observations were 
taken at predetermined positions along each +racK. Tnese reporting posi- 
tions (plotted as circles on the map of fig. 1) were estallished at 
100-mile intervals, giving between 20 and 24 observations about l/c  nour 
apart for each flight.  Exceptions to the duration of these flights 
occurred because of abortive nissions or special flights. Usually one 
flight was made each day along each track, providing daily weather records 
for every position along the track. 

All the weather observations were aade by trained personnel usin^ 
standardized reporting procedures. Zhe  observer reported conditions at 
each position on a coded cessage forr. developed by the Air Weatner Service 
and adopted as the internationally approved weather reconnaissance code. 
Instructions for the use of the code are contained in reference 1. Fcr 
each cbser.'ation, the aircraft was considered to be at the center of a 
vertical cylinder 30 nautical miles in radius, and meteorological condi- 
tions were reported as occurring within this cylinner. 

Although r.any weather elements were observe:., cn^y a few were applied 
to this otudy, namely:  the occurrence or nonoccurrence of icing, flignt 
in clouds or clear air, air tcnperature, ttresstBt! Isvel« location, and 
date of flight..  The icing reports gave dato en tne intensity and type 
of ice and on tne location of the icing -nreaj tne oode klao rrcvidec for 
the reporting of icing when it c:.curred between reporting lositions. 
The reporting, of flight in clouni was divided into four categories, ne- 
fined as being "on instruments" [l] 11 percent of the tine, (l) 50 per- 
cent of the tine, (3) 75 percent of tne- tine, iad [4) all o: the time. 
The measured air necperanure was corrected for kinetic neating before 
being reported in code form. 

icing was usually detected visually on the black ourfaces of the 
wi.;g leading edge and on the 'orwarcl edges of antennas. Most flights 
were scheduled for daylight hours, although this was not always possible, 
particularly in the Arctic regions in winter. A code figure was provided 
to indicate where observation was impossible becaose of darkness. 
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METHOD OP AMLYSIS MB PRESEHIATIDM OF IMSI 

Use of Punciied Cards 

Tbe large  quantity of infcrmation availsible fron! ■L-e veatlier recoL- 
aatssa&ce flights required the use of ir^ehirie aettiods for convenience la 
Iwmiltmig the  data.    All  itenis reported cy the  DbserverE were puDched 
directly on o-ards la ".he original  coded fom.    Ea^n ^«-ition report re- 
quired tie use of tvo  cards to transcribe ohe large aaoiint of data coc- 
talned therein;  these tvo earns were later condensed into a single card 
for each otse-Tation.    Tahle I Lists ohe obser^'ed data as it vue punched 
in the  card ccl'UEns  on the  single card.     This iumary card prorides space 
icr recording data rel&oive to two cloud layers.     In cases where nore 
than two.  layers existed,  an additional sunaaary card was nade, which con- 
tained only the  identifying infernation   (card ,cluEns 1 to 10)   and one 
additional   eiood laf^DnDBtloii.     The  observations that included reports of 
icing were  individually tabulated iron the punched cards to provide a 
cenvenient fom for the oeteotior tf inconEistencies in the over-all 
reiort5. 

Zbe cards «ere  separEted intc groups fcr tne itaoicticsl study, 
icccroirx tc  area  (tr&ck),   season,  and flignt level.    Ihe seasonal oete- 
sx^rf0-?  were  f-stai." ''sned as 'O^IDWE* 

(1) Spring - Maren, April, Ifaf 

(l) Suaaer - June, Julj-,  tepHt 

(3) Fall  - Heroenber,  October, Kovecber 

(4) Winter - lecesi^er, January,, Fecruary 

Tai-e II _i£t$  IX  :ard  groups   separEted accorcing to this procedure, 
with the corresponding r.unber ::   cbservations far eacn group-    -^ years 
that were included within eacn season are a'^sc listeo.    The aoc-'unt of 
iota  in each gxcup varied ocnsiderably b«ecaus€  of  the  differences in 
flight  operations  äreng, the bases  naring the periods chosen for the 
study.     Since  the  oat a were not   rroker. down by taontns,  data for  a par- 
ticular seascn and year snould riot "oe considered equally  distributed 
throughout the tnree conths included in eacn  season. 

Selection and Evaluation of Icing Data 

The selection of itecs for -detailed presentation was based on their 
importance in the  study of two aspects of icitg clisiatolosy:     (l) bhe 
relation of i-'ing to clouds and temperature  and {c)  the ertent and fre- 
quency of icing encounters. 



:^CA ^; 

In the study of icin^ with respect to clouds and teiroerature • Iv 
reports_of icing occui-ring at the.tine of observation were -ncluded 

,   smce  simultaneous data on temperature and flight condlticms v-re 7*. 
TZ kl\^™tlons  in which icing (past  or preseat)  was'rPporte^ 
were examined individually, and those  in which icl£g oceurrad at ^Zme 
of ohsei-zation vere tabulated with the associated tewgerntvreä ard 
flight  conditions.      ' »- a*« 

In the determination of the extent and frequency of icir^ -nccu-ters 

to tS Z05583^ t0,eStflish the  ^«t^e fror, each observation positior/ 
to the begmnxng ana ending of the icing area.    Individual sequences of 
reports were examined and the total length of each icing encounter wa^ 
determined,  based on the assumption that the distance between repartlo« 
positions was 100 nautical miles. «?pun,iag 

In a number of the icing encounters,  the  interpretation of the data 
vas complicated by errors  and inconsistencies  in trie  -odea reports 
Rejection of all inconsistent reports obviously would have led to a  seri 
ous bias in the results.    An attempt was made, therefore,  to tnteroret     " 
doubtful data so as to  introduce a minimur of Vas interpret 

RESULTS A2IL DISCUSSION 

Icing in Relation to Clouds and temperature 

Data on free-air temperature,  flight  in clouds,  ana Icing -or e*ct 
.l^ght track,  season,  and altitude  for which an appreciable -umber of 
Tx;erVÜl0nS occurred at temperatures below freezing are listed la table 
III.    The data groups  in table II with most of their observations" ab-.-e 
.reezing are pot   ■'ncluded in table III.    For each fligr.t levex    the fo] 
lowing  three  items were  tabulated by 5° C temperature  intervals:'" ' 

(1) Total number of observations    i 

(2) Number of observations in which the flight was rercrted to be 
continuously or intermittently in clouds    n 

" (3)  Number of observations in which icing was reported as occursr~ 
at the time of observation    x ""^ 

for Also included in table III for each 5° temperature range are values 
the ratios of in-cloud and icing observations to total tÄJservations 
(n/N and x/N, respectively) and the ratio of icing to in-cloud obser- 
vations (x/n). uu^ci 

These results are summarized in table IV, which includes ^ so -he 
average temperatures for total observations, cloud observations, and 
icing observations. . » ««* 
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rröbability  of clouds gaä iclag. - The ratios    o/w    and x/l? are 
statistical estimates of tbe proba'ciiity of flight in clouds or icing 
conditionSj, respec ;ively, Ebe icing-to-cload ratiU •:/ x/n    is a statist 
cal estiraate of the conditional probability of icing when clcHids are 
kr.o-Ti to be present, '  For the data groups listed in table W,  the proba- 
tiiity of icing varies frorr: zero to nearly 7 percent, with half the values 
beiov 2.3 percent.    Tne probability of flight in clouds varies froE 1.5 
to 38 percent, with a median of 12.8 percent,  and the  icing-to-cloud 
ratio varies frcw zero to 54 percent with a nedlan of 19 percent. 

Ixie  interpretation of these 
based or. the concent o 
large number of 
the event  is the observatio 

nrobabi-ity 
ya as estirates of probability is 
s tne percentage of successes  in a 

ndepenient trials of a discrete event.    In this case, 
n of the occurrence or noaoccurrence of cloud 

:.:'ne trat ion or icin-r at a particular tine.    An observation nay be regarded 
   „he observation period is  short conspared with 

. \' -r . ..   imtemeo obsejr.'ations and (2)  the usual duration of flight 
essive observations say be regarded as independ- 

as 

(1) 
ir. cloud 

discrete event when 
htt    4 ^+- 

02 " ctie 9m. 
er.t,  repeated trials  if the  distance between thee is lar{je cenpared with 
the scale of cloud systems on the weather wasp. 

In the instructions to observers (ref.  l),  the tine of the flight- 
I'.vel observation is  defined as tbe tiae at which the aircraft is at the 
center of a cylinder 50 nautical ndles in radius; 
ser".ei as  :lose to this  tine as posiille. 
present  position'' refers specifically to  ... ,   ,.,.   .  _. 
ctservatior.."    "Flight cendition"   (including cloud penetration)   is  de 

eleoents are cb— 
reporting of icing    at 

:he "tine of the fligbt-ievel 
the 

men :he average during the 
observation.     Thus, both elene 
iservat;oo near the center of 

the ^tire 

.ne required to sake the flight-level 
.s appear to be based on a short-period 
.be observation cylinder rather than on 

50-nautical-ä-ile  dianeter, and it  iF protatly justifiable to 
regard then as  iiscrete events 

The requirement of  independence of repeated trials obviously    s not 
x'ulfilled because of the short  distance between successive observe ,ions 
as ccajpared vttßtt the large-scale cloud system.    Altno-ugh aot indepeadent, 
the observations are still unbiased, because the flight tracks,  tines of 
flight,  ana observation procedure were established in advaace and were 
not nodified significantly because of existing weather conditions. 
Therefore,  the ratios provide unbiased estimates of the probabilities, 
although the reliability of the estisates is less than the nusber of 
observations would indicate. 

Icing-to-cloud ratio as a function of temperature.   - At temperatures 
appreciably below freezing,  the icing-to-cloud ratio    x/n    represents the 
fraction of tbe clouds penetrated that contained liquid-water droplets, 
the remainder that  did not cause icing being composed entirely of ice 
crystals.     Since the probability of the formation of ice crystals in 
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clouds increases as the temperature is reduced, the ratio x/n    should 
he primarily a function of tenrperature. Figure 2 shows the a.erage rela- 
tion hetveen icing-to-cloud ratio and temperature as revealed by table 
III. The rapid decrease of the icing-to-cloud ratio and the associated 
icing probability with decreasing temperature is clearly evident from 
these data. Data from temperatures of 0° to -2° C are not included in 
figure 2,  because kinetic heating frequently prevents icing in this 
temperaturp range. 

An examination of table III reveals wide variations in the individual     ^ 
values of x/n from the average values of figure 2. Application of g 
statistical tests shows that these variations are considerably larger 
than would be expected from random sampling if the true value of x/n 
were a function of temperature alone. Moreover, the variations in x/n 
are not distributed at random.  Since certain areas and seasons have 
consistently plus or minus departures from the over-all average values, 
perhaps the icing-to-cloud ratio is not a function of temperature alone 
but is also a function of season, altitude, and geographical location. 

Seasonal and altitude effects. - Over-all seasonal and altitude 
effects are shown in figure 3, which presents separate curves showing the 
variations with temperature of cloud probability n/N, icing probability 
x/N, and icing-to-cloud ratio x/n for the four seasons and the two 
principal flight levels, 700 and 500 millibars.  In the interpretation 
of these results it should be noted that the apparent seasonal variations 
are influenced to an unknown extent by climatological relations that exist 
between season, altitude, and geographical location. 

Because of climatic factors, the various geographical areas are not 
represented equally for all seasons at a given temperature, or for all 
temperatures at a given season. For example, the data sample for winter 
at 500 millibars at -20° C contains 5 observations from "Ptarmigan'' track 
and 959 observations from "Lark," On the other hand, the summer sample 
at the same altitude and temperature contains 1031 observations from 
"Ptarmigan" and 194 observations from "Lark." The difference in the 
corresponding values of the ratios may be due to geographical rather than 
to seasonal effects. Similar interactions exist when the data are clas- 
sified with respect to geographical areas instead of season, making it 
difficult to separate the effects of the various factors. 

Some significant features, however, are discernible in figure 3. 
The icing-to-cloud ratio at 500 millibars decreases continuously with 
decreasing temperature for all seasons, and it generally has maximum 
values in winter and minimum values in spring. The 700-millibar data, 
on the other hand, fail to show a continuous decrease of icing-to-cloud 
ratio with decreasing temperature except in spring. For spring, the 
x/n curve of 700 millibars parallels the SOO-millibar curve, but the 
actual value- are lower at all temperatures.  In other seasons at 700 

••* 
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T.iliitsrs,   .lowever.  there is  a ccnsistent tender.cy for an increase in 
the  icirug-to-cioud ratio near the lover end of tls seaBcnai teifi&efäture 
range. 

^asonal patterns of clouns  ani icing for various areas at 700 nil- 
libars.   - In fig-ore 4 are presented graphs shoving seasonal variations 
in (1)   icing probatility    x/E,   (2)  cloud prctahility    a/W,   (3)  icing-to- 
cloud ratio    x/n,  far all -racks for which TDO-millibar data for the 
entire year are  included in table IV,  and (4)  average TOO-sillibar tetr- 
perature.    Bie values shown for the three ratios are over-all values 
including observations at  all terrperatures, both above and belov freezing. 
For raost of the areas-  and seasons  included in this study,  the tenperature 
at 700 rdllibars was above freezing at  least  part of the tioe.    üüds fact 
is reflected in the over-all values  of icing probability    X/F,   since  a 
larger percentage of observations above freezing leads to a lever  icing 
probability.     Icing probabilities  can exist,  however, when the average 
temperatures  are above freezing.     The data presented in this way show the 
practical utility cf the over-all ratio    x/'i    as a rseesure of icing prcb- 
ability for a given season and altitude. 

Tracks  "Eagle" and "Lark" are both to the eastern ocean areas,  -under 
the influence of the oceanic anticyclones  during sunmer and frecuent 
cyclonic  stems  in winter.    They are characterized by  a ninizrun of cloudi- 
ness  in sunnier -and a inaxirnuz; in winter.    Both have relatively low icing 
probabilities,  with a naxinun  in winter or spring, and with little  or nc 
icing in Btner.1    Since the -lean tenperatures  are close to freezing,  the 
over-ail  icing-to-cloud ratios  are  inversely related to tenperature. 

"Buzzaru lelta" treck aisc has a naxinun of cloudiness  in winter 
combined •with a lower average tecperature than that  of  "Eagle" and "Lark." 
These circumstances give rise tc  a very high icing probability.     In sun- 
raer,   the temperature  is above freezing most of the time,  and the cloudi- 
ness  is less than in vinterj hence,  the  icing probability is very low. 

"Loon" track at 700 millibars  is  characterized by a high probability 
of cloudiness throughout the year with relatively  small seasonal varia- 
tions.    The  icing probability  and icing-tc-cioui ratio also show rela- 
tively small seasonal changes  in spite 0:   a rather large  se^sooal varia- 
tion in temperature. 

Conditions on '"Ptarmigan" track are unique asong the areas studied 
since this track does not lie over open water but over the polar ice  can. 
The surface  is  covered with snow and ice in winter and spring and consists 
of melting ice  in susmer,  with open water along the southern portions of 
the track.    Thus, the  surface temperature in  sunmer and early fall is 
near 0° C,  and in winter and early spring it  is nuch colder.     The very 
low probabilities of icing in winter and spring are the result of low 
temperatures combined with low probabilities of cloudiness. 

■;'-^.A:-,ix, ,:.,,.-,.■,„,„.,■,,,,, 
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Seasonal patterns at 500 -nillioars.   - At the  SOO-mlUiTsar ievel 
temperatui-es are predominantly belov freezing over pcäctlcally all the 
ocean areas or the vorlci. Most of the areas and seasons toeludM in this 
study were entirely below freezing, and even the warmest were below 
ireezmg in over JO  percent of the observations (table III).  Thus the 
percentage of observations abo-e freezing is not a significant farter tn 
determining the icing probability at 500 millibars. 

The tracks at 500 millibars may be divided into U'o groups aeuending 
on the season of occurrence of the maximum probabi]itv of icing and 
cloudiness, as follows: 

(1) Group A; maximum icing in summer, maximum cloudiness in sprin« 
or summer: Vulture I, Buzzard Kilo, Buzzard Delta, Loon, and 
Ptarmigan 

(2) Group B; maximum icing in fall, maximum cloudiness in winter o^ 
spring: Petrel, Lark, and Gull 

^The seasonal variations in (ij icing probability, (£) cloud proba- 
bility, (3) icing-to-cloud ratio, and (4) averags tenperature are'shev 
for the 50C-millibar level in figure 5.  The data fror, tne three "Gull" 
tracks are combined because no one of the Gull tracks had data for tile 
entire year. Although there is considerable variation within each  Kroup 
the over-all patterns are fairly consistent. For group A "he aamiaJ  ' 
variations of cloudiness, icing, ani temperature are aptrcximately In 
phase. For group B, the cloudiness and temperature are nearly opposite 
in phase, and the icing maximum tends to occur before the tmximm o£ 
cloudiness.  Except for "Vulture" and "Petrel,""tne'icing-t; 
generally follows the annual variation of tenmerature. 

-c^-i^u. ra-_c: 

Frequency ana Extert of Icing Enccunters 

Data on the frequency and extent of icing encounters are r.resented 
in table V(aj. For each flignt track, season, and altitude, tne table 
includes frequency distributions of the foUowin« thrae iiMntitiAR* 

(1) Horizontal extent of individual icing encounters 

(2) Total distance in icing on each flight (at given flight le%'el) 

(3) Number of encounters on each flight (at given flight level) 

The items presented in table V(a) were obtained directly fron, tne 
flight data.  The numbers in the table are the actual counts of the case« 
in each category, with the exception of the flight length and the' number' 
of flights with no icing. The length of flight was taken as the numbe/ 
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cf regular reporting positions at the given fii^ht level, m&ttpUed  rv 
IQO aautical miles. Trie  total nuE&er cf flights vas found by dividing" 
the totfj. nufflber of obser-zations by the taasber of reporti-ig pos-tions 
and the nucber of flights with no icing vas obtained by subtracting the 
nu^.ber with  icing from this total- TSms,   incomplete flights vere trans- 
lated into an equivalent number of complete flights. 

Probability of encountering icing jg flight of given length. - For 
ght planning, design, and mission analysis, it is desirable to knov 

the prcbEbillty of encountering icing a given number of times on a 
flight of a given length, and the probable extent of icing vhen it Is 
encountered. The  probability of any particular number of icing encounters 
for .he 500- or 7C>0-mlllibar portion of a particular flight track nay be 
estimated from the frequency distribution of the encounters p^r flight 
(table V(a)}. Because of the small number of cases in each -data group, 
nowever, the statistical reliability of these estimates is rather poor 
Moreover, the probabilities estimated in this vay are applicable only to 
the particular length of flight for which data were obtained. Sstimates 
of higher reliability and more general applicability may be obtained bv 
establlafalng a relation between the percentage of flights with various' 
numbers of icing encounters and the average number of encounter^ oer 
flight. 

ZMs relation is shown in figure £, in which the percentages of 
flights vith at least one, two, and three icing encounters J are niotted 
as functions of the average number of icing encounters per flignt m." 
Each data point in figure 6 represents combined data from two or sore 
groups having nearly the same value of m (except the last point on the 
right, which represents only one data group). Zbe reliabilitv cf the 
individual data points is indicated by vertical-line segments'representing 
a range cf one standard deviation of each side of the sample value. The 
empirical corves are irawn to represen* estimated average relations based 
on the iata^points. Any vertical Uae from top to bcttoas in figure 6 is 
divided by tnese curves into four parts representing the probability of 
0, 1, 2, and 3-or-more Icing -.mcounters on a flignt for which the average 
number of encounters l# given by the abscissa. 

üxecretical curves comput^o. from Poisscn's distribution emiatioa 
(ref. 2) are also shown in figure 6.  These curves show the rrobabi'-"*•' 
cf at least 1, 2,  and 3 occurrences cf an event in a    inaepeodefit trials 
each naving a probability of p, when n is large and p is small; tne ' 
proauct np = m is tne abscissa.  Hie differences between the ^-rtir*"al- 
and theoretical curves result from tne fact that the individual"encounters 
are not independent,, Because of the large scale af the mac.or synoptic 
weather systems, there :'s a tenaenoy for either clear or cloudy weather 
to occur over a large area.  Dnce Ldng is encountered, therefore, the 
probability of a second encounter is greater than it would be if the 
icing areas were distributed at random. 
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The empirical cuar/eo in  figure 6 may be used to obtain an estimate 
of the probability of encountering icing at least once or twice in a 
flight of any length, in an area for which the average frequency of en- 
countering icing is known.  The average frequency of encountering icing, 
which was obtained by dividing the total number of encounters by the 
total distance flown at a given flight level, is given in table V(b) as 
the number of icing encounters per 1000 miles of flight.  The product of 
this number and the length of a proposed flight in thousands of miles 
gives the expected (average) number of icing encounters m. 

For example, to estimate the risk of icing on a flight of 800 miles 
at 700 millibars over the Bering Sea ("Loon" track) in summer, the ex- 
pected number of icing encounters is given by m = 0.775x0.8 = 0.62. 
From the empirical curves of figure 6, it is found that, for m = 0.62, 
the probability of at least one icing encounter is 0.43, the probability 
of two or more encounters is 0.15, and the probability of 3 or more en- 
counters is 0.03.  The probability of no icing is given by 1 - 0.43 = 0.57, 
The probability of exactly one encounter is 0.43 - 0.15 = 0.28.  The 
probability of two encounters is 0.15 - 0.03 = 0.12, The estimated proba- 
bilities presented in the last four columns of table y(b) were obtained 
In this manner. For values of m greater than 1.5, the probabilities 
given in table V(b) were calculated from Poisson's equation. 

Probable extent of icing encountered. - In addition to knowing the 
probability of encountering icing, it is also useful to know the probable 
extent of icing when encountered. This information is also presented in 
table V(b), which lists the average length of icing encounters and se- 
lected values from the frequency distributions of length of icing encoun- 
ters as follows: 

Lower quartiie   Exceeded in 75 percent of encounters 
Median ,  Exceeded in 50 percent of encounters 
Upper quartile   Sxcccici in 25 percent of encounters 
90th Percentiie   Exceeded in 10 percent of encounters 

These /alues were determinea cy c Toximating the cumulative frequency 
distributions (table V(a)) with sunoth curves. The results .are fairly 
reliable for the groups witn la-ge counts uf data, such as the "Buzzard" 
tracks, but are only rough estimates for tne small samples. 

Probability of Flight in Icing 

The probability of flight in icing was discussed in a previous sec- 
tion where the ratio x/N (table IV), based on discrete observations, was 
used as an estimate of the probability. A different (though not independ- 
ent) estimate of the over-all probability of icing for each data group 
was determined from the analysis of frequency and extent of icing 
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encounters  This estimate (miles of icing per 100 miles of flight, 
table V(b)), which was obtained from a summation of the lengths of the 
maxvidual icing encounters, utilizes the additional information in the 
original data on the beginning and ending of icing between reportin« 
positions. 

A Comparison of the two estimates is shown in figure 7,  which gives 
an indication of the consistency, though not the absolute accuracy, of 
the estimates. The agreement is sufficiently good to lend some support 
to the assumption made previously, that the duration of the individual 
observations was small compared with the interval between them. Because 
of the more complete utilization of the available information, the value 
of miles of icing per 100 miles of flight is regarded as the more reliable 
of the two estimates. 

Type and Intensity of Icing 

The observer, in reporting the type of ice that formed on the air- 
craft, distinguished among rime ice, clear ice, a combination of rime and 
clear ice, and frost. For the 4600 icing observations (including icing 
reported both at and between reporting positions), 72 percent were called 
r:me ice, 10 percent clear ice, 17 percent a combination of both, and 1 
percent frost. The reporting of frost, which was defined as icing in 
clear air, can be considered questionable, since this small percentage 
of the tctal observations is within the range of inherent coding and 
analysis errors considered for the over-all data. 

Icing in precipitation, eitner rain or snow, occurs 1 in about 20 
percent of the icing conditions. About 55 percent of the icing in pre- 
cipitation was reported while flying in snow. The remaining encounters 
were reported in rain and drizzle (30 percent) and in showers (15 percent) 
The occurrence of freezing rain was not reported as such and could not be 
clearly determined from the observational data. Practically all the 
reports of icing in precipitation also established that the aircraft were 
in clouds at the tine; supercooled clouds could thus have been responsible 
for the icing rather than the reported rain or drizzle. The  relatively 
infrequent occurrence of icing in precipitation rhown by these data veri- 
fies the generally established criterion (ref. 3) that icing is less 
probable in precipitation areas. 

The intensity of icing was reported for the most part in qualitative 
categories of light, moderate, and heavy. A quantitative rate-of-icing 
table provided in the code was seldom used. The intensity categories 
were defined on the basis of the effects of the icing on the aircraft 
(ref. l). Ice accumulations that could be handled adequately by the 
ice-protection equipment and that did not necessitate changes in course, 
altitude, or airspeed were coded as light icing; whereas, icing that 
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exceeded the capacity of the protection systec and, it ccntir.ueä,   would 
be a serious hazard to the flight was interpreted as heavy icing. An 
intermediate icing condition was labeled as moderate icing.  The fre- 
quency of these reported intensities^ related to the total observations, 
was tabulated as follows:  light icing, 37 percent; moderate icing, 12 
percent; and heavy icing, 1 percent. 

Quantitative values may be applied tc these intensify categories by 
referring to previous measurements of total ice accumulations experienced 
on domestic air routes, as measured by MCA pressure-type icing-rate 
meters (ref. 4).  The total accumulation of ice from an icing encounter 
was found useful as a criterion of icing conditions in terms cf the 
effects on the aircraft (loss of airspeed, etc.).  If it is assumed that 
the frequency of icing intensities is the same for domestic and ocean 
areas, the measurrments of ice accretions previously reported for domes- 
tic routes can be used. 

Figure 8 shows a plot of the probability of exceeding finite ice 
accretions during a given icing encounter, measured by icing-rate meters 
on domestic air routes reported in reference 4.  If the probabilities of 
the three intensity categories are assumed to be the same as the measured 
probabilities shown on the curve, light iczng would include ice excre- 
tions up to about. l-± inches, with moderate icing ranging between LR and 

5 inches, and heavy icing exceeding 5 inches.  The limits of light^icing, 

as noted from the pilot comments in reference 4, were also about Is to 
2 inches ice accretion.  (The reconnaissance aircraft and those used on 
the domestic routes used similar ice-protection equipment.)  It should, 
be noted that these values were obtained by integrating the accretion 
rates measured on the small sensing probe of the icing-rate meter. Ac- 
tual total ice thickness, particularly on airplane wings, would be much 
less because of the lower collection efficiency of larger bodies. 

CONCUJDIUG R34ARKS 

The data included in this report are restricted to specific flight 
levels and selected areas of the oceans. Further application of these 
results to the operational analysis of specific missions or to the for- 
mulation of ice-protection design requirements would require a method 
for extending the results to apply to ocean areas in general.  No direct 
and simple correlations were immediately evident between the icing 
probabilities and the many variables existing in the over-all data of 
this report.  The effects of altitude, geographical location, and cli- 
matic factors such as seasonal variations in cloudiness and temperature 
are all interrelated in such a way that classification of the data in 
terms of one variable is influenced by the correlated variations in 
other variables. 
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k f^relir.ir.-ar-y stuiy indicated that a Halted esAansiQS af ^htf» f^4«* 
probabilities to other ocean arear nay be possible if cased on JSL - 
cllsatolxsgr erf the areas  involved,    äwever^  ftortbex  analysis, b^önd 

_  ^   In general,   Icing statistics Detained fros flight  data are strongly 
xnnuenced oy the flignt  procedures dictated ty a particular sission and 
by pilot practices  used in the operation of the aircraft.    In airline 
operation or on certain Air Force missions,  a^y meteorological conditions 
considered hazasrdous or of adverse effect on flight progress  are avoided, 
il  possitle,   oy  al^o-.-ahie changes  in schedule,   course,   or altitude,     There- 
lore,  these  conditions are not  completely experienced,   and data ^roc 
such operations,  if used, would produce a statistical bias.     £he results 
presentee in this report  are essentially unbiased in this respect,  since 
tbe mssions were flown primarily to determine weather factors and vere 
noL altered frcw routine procedures to avoid adverse conditions unless 
necessary for the safety of the flight.    As cccnared with airline exni- 
r.ence,  one mgn icing probabilities  (up to 7 percent) recorded ^or some 
areas daring certain seasons are a result of combining a greater existence 
of icing conditions  m those areas with untiased statistics from the 
flight  operations that supplied the  data. 

The significant results pointed out in this study are the large 
variation of icing prohacilities  (0 to 0.07)  that was shevn to exist over 
ocean areas throughout the year.    Also, the general tendency of colder 
cloud temperatures to reduce the probahility of icing in equally cloudy 
conoiticns is of interest,  since this establishes over-all values far a 
relation known to exist through previous experience and research. 

-ev   s Flight Eropulsion Laboratory 
Hationax Acvisory OondLttee for .Aeronautics 

Cleveland,  Ohio, Iterch gg,  19f7 
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TABLE I. 
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SUMM«?! JF cavaa mnmmaBmu. OBEERVATICBS AS RKGRIC: CK ?^:HED 

CARI3S FS mCSliffi AMUSIS 

i Sauadron 
2 Track 
3 Day 
4 Month 

Otoserretlon nxateter 

Octsnt - radar 
latitude 

Longitude 

Altitude 

Fligtlt    COBdltldB« 
Selstlve vlnd 
Wind direction 

»liid speed 
PreBexrt weetber 
Beaarks afn present weetber 
?Bet westljer 
Turbulence 
Clique TlBlbilltj 
Borlzantal rlBtbtlity 

/Bortii 
Quadrant KKianrCggi^ 

( »eet 
Trumber of Bload layerB 
Clcrad aÄwnt    jj^yw 1 

• Layw 2 
:1OUQ type layer 1 
Height of base of cloud (l) 

Height of top of cloud (2) 
-loud type layer 2 
Height of aaee of eload (2) 

Height of top of cload (2) 

T^gperatare 

-*vpolnt 
Ice rat« 
Type of ice 
Tifrtaace to begiming of ice 
distance to end of Ice 
Altitude of baae of iw 

Altitude of t*,p of ice 

SIgiLifleant weetber cbaoge 
Distance to veetber off oouree 
Weather off course 
Bearing of veatber af? course 
J*dex to altitude coTrectioc "If 

If value 

Bearing of ocbo oecteo- 

Di stance to echo center 
Cb-iSBtatlon of ellipee 
BchP width 
langtb of aajor axis 
-baracter of echo 
lendeocy of echo area 
Intensity of echo 
Type wind 
J^ight oiaber 
lllrtllil   of card 
Beaarks on past veatber 
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TABLE   IV.   -  SUMMARY  TABULA. ION  OP  TOTAL,   CLOl/D,   AND  ICINO  OBSERVATIONS  VTTH 

CORRESPONDING RATIOS AND AVS^AOE lEMPERATlViS 

jObservatlons:    N,   total;   n,   clouds;  x,   icing.] 

Sumnsj'ry total  j Average percent  FTverage  tesperaturel 
N 

Vulture I 
Buz Kilo 
Buz Delta 
Loon 

2049 
2465 
3464 
3750 

Ptarmigan j 3420 
Gull I 
Gull II 
Lark 
Petrel I 
Petrel II 
Falcon 

1117 
1746 
2000 
2096 
555 

1046 

700 mb 

Summer 

Buz Delta 
Loon 
Ptarmigan 
Gull I 
Laj-k 
Eagle 

2521 
1317 
1509 
302 
106 
542 

165 I 
351 
623 i 
646 
208 
126, 
1671 
231 ( 
195 
33 
43 

93 
98 
63 
16 
2 

23 
23 j 
23 i 
51 j 

2 

n/N  x/N K/B 
9.0 

14.1 
18.0 
17.2 
6.1 

11.3 
9.6 

11.6 
9.3 
5.6 
4.1 

5.9 f 26 
1.6 I 10 
.5  3 

*•! i  1 
2.1 
1.3 
1.1 
2.4 
.4 
.3 

1500 ft I Falcon 

475 
275 
115 
55 
14 
86 I 

76 ( 18.8 
46 i 20.7 
10 8.8 
4 17.5 
2 

15 

3.0 
3.6 
.6 

1.3 

IB 
14 
10 
26 
6 

-7.2 
-15.5 
-24.0 
-29.7 
-34.8 
-14.1 
-13.7 
-19.6 
-13.1 

-7.7 _?. 
-12.7 1 -9.4| 
-21.<) -15.8 
-27.0 -23.7 
-33.5 I -27.5 
-14.0 
-14.7 
-19.2 
-14.2 

-11.8 } -13.4 
-2 6.7 | -24.9 

13.2 i 1.9 
15.9  2.8 

16 
18 
9 
3 

14 
17 

-9.5 
-14.1 
-20.4 

.1 
-5.6 

-7.4 
-13.3 
-16.S 
-2,6 
-3.6 

-11.3 
-13.5 
-18.2 
-11.9 
-19,0 
-25.3 

500 mb 

1039 j 291, 28.0 
-.6 I -3.2 

-7. 9 
-10.5 
-14,3 
-8.2 

-10.0 
-4.5 

2.4 

Vulture I ; 2125 j259j 88 I 12.2 
Buz Kilo j2393 j390 171 ! 16.3 
Buz Delta 12353 j287 104 j 12.2 
Loon      2882 j 4521 58 
Ptarmigan ,3193 i 414 I 36 
Gull I 
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